Abstract. The zone of active eruptive fissuring (the "spreading axis") is investigated at an accretionary segment of the Mid-Atlantic Ridge. High-resolution side-scan images are used to produce a detailed geologic map of the median valley floor of Segment 18, located immediately south of the Atlantis Transform (30 o N). The spreading axis is defined by distinguishing between primary eruptive vents (seamounts and hummocky ridges fed by underlying dikes) and secondary vents (seamounts and terraces fed from lava tubes or channels) and is found to be about 2 km wide or less along the entire segment. It is impossible to narrow the width further with the data we have in hand. For comparison, at faster spreading ridges such as the East Pacific Rise, the spreading axis is generally equated to the width of the axial summit trough, typically, 50-100 m wide. Within the Brunhes anomaly, the high-resolution structure of the central anomaly magnetic high (CAMH) obtained from several cross-axis, deep-tow tracks is used to define regions of recent, major volcanism. The locations of the CAMH peaks generally conform to our pick of the spreading axis. In some places the peaks are located several kilometers away from the spreading axis, possibly indicating that large volumes of lava have been deposited there. Our interpretation of many volcanic structures as secondary vents at Segment 18 leads to the conclusion that lava channels and tubes commonly develop to transport lava to these off-axis deposition sites.
Introduction
The processes that create the upper oceanic crust of mid-ocean ridges, such as dike emplacement, eruption, and lava deposition, are likely to operate differently at the slow spreading Mid-Atlantic Ridge (MAR) than at fast spreading ridges because of different magma chamber geometry and different magma supply rates. At the MAR, crustal accretion occurs primarily within the median valley floor [e.g., Macdonald, 1977] , where dikes propagate upward and laterally from magma sources and feed lava flows that may run laterally and longitudinally contributing to the construction of large volcanic structures and eventually the upper oceanic crust. The valley floor ranges up to 15 km in width, and locating the zone of active eruptive fissures (the "spreading axis") within it can be difficult. There are clues, however, that help to pinpoint the spreading axis such as the position within the valley floor of major volcanic edifices, the location of smaller eruptive vents, and the location of the peak in the central anomaly magnetic high (CAMH), a short wavelength magnetic anomaly found within the Brunhes anomaly [e.g., Hussenoeder et al., 1996] . In this paper we use these clues to identify the spreading axis along the entire length of an MAR accretionary segment.
The topography of the median valley floor of a spreading segment of the MAR is often dominated by volcanic edifices [e.g., Macdonald and Luyendyk, 1977; Ballard and van Andel, 1977; Cann, 1992, 1993; Sempere et al., 1993] . Faulting and fissuring occur on the valley floor, but throws are typically small (< 100 m) and contribute little to the topographic relief. Commonly, major volcanic ridges are constructed that can have heights of several hundreds of meters, widths of several kilometers, and lengths of tens of kilometers [e.g., Ballard and van Andel, 1977; Karson et al., 1987; Smith and Cann, 1993] . Dike emplacement and eruption must be focused for some period of time within a relatively narrow zone on the valley floor to build these prominent volcanic ridges [e.g., Ballard and van Andel, 1977] .
Lava must also be regularly deposited throughout the entire valley floor. The uniformly high backscatter amplitudes observed in deep-towed side-scan sonar data indicate that volcanic resurfacing of the entire floor occurs at a frequency that does not allow significant sediment accumulation [Ballard and van Andel, 1977; Macdonald and Luyendyk, 1977; Smith and Cann, 1993] . This idea is corroborated by Bryan and Moore [1977] , who suggested that some of the lavas sampled from the edges of the median valley floor at the French-American Mid-Ocean Undersea Study (FAMOUS) are younger than those sampled near to the center. Determining by what means young lavas are emplaced at the sides of the valley floor (whether from underlying dikes or by lava tubes and channels from the top of the axial volcanic ridge) is an important problem and one that has important implications for the width of the spreading axis at slow spreading ridges.
In this study we investigate the MAR spreading segment immediately south of the Atlantis Transform (~30 o N), which we call Segment 18 (Plate 1). The data that we use are high-resolution deep-tow side-scan sonar imagery and magnetic data collected during cruise CD100 aboard the RRS Charles Darwin [Cann et al., 1997; Blackman et al., 1998 ]. The fine-scale structure of the CAMH obtained from several deep-tow tracks is used to identify regions of recent, major volcanism [e.g., Hussenoeder et al., 1996] . The small-scale volcanic morphology is used to distinguish between primary volcanic vents (those fed directly from a dike) and secondary volcanic vents (those fed by tubes and channels) and thus to define the spreading axis. The combination of the high-resolution magnetic and imagery data allows us to clarify the relationship between the spreading axis and the location of recent lava deposition.
Study Area
Segment 18 is a slow spreading (~12 mm/yr half rate ) accretionary segment of the MAR between 29 o 23'N and 30 o 10'N (Plate 1). It is ~80 km long and bounded by the Atlantis Transform to the north and a nontransform offset to the south Sempere et al., 1993] . Regional magnetic field data suggest that Segment 18 has been extending slowly (< 2 mm/yr) to the south for the last 10 Myr . The along-axis variation in the calculated mantle Bouguer gravity anomaly indicates that crustal thickness may vary by as much as 3 km along the axis with the thickest crust near 29 o 45'N and the thinnest crust at the Atlantis Transform [Lin et al., 1990; Zervas et al., 1995] . Segment 18 has an asymmetric along-axis profile. Water depth reaches 4000 m in the southern end and over 5000 m at the ridge-transform intersection. The shallowest depths are north of the segment center and adjacent to a large edifice that rises to within 1000 m of the sea surface on the eastern rim of the median valley ("Yellow Mountain" on Plate 1). Sempere et al. [1993] and Zervas et al. [1995] Sempere et al. [1993] and Zervas et al. [1995] , additional bathymetric and magnetic data have been collected off-axis in this region, and based on these data, Sempere et al. [1995] and Pariso et al. [1996] have interpreted Segment 18 to be a single accretionary segment.
The median valley floor of Segment 18 varies along axis in width and cross-sectional shape. It is 5 km wide at its shallowest point. It is 7 km wide near the nontransform offset at its southern end and over 11 km wide near its intersection with the Atlantis Transform. Toward the southern end, the segment is symmetrical in cross section; the valley floor is bounded by major fault zones with throws of hundreds of meters. To the north, the throw on the western bounding scarp gradually reduces until near 29 o 50'N, where it is difficult to define a western bounding scarp at all. In fact, there is no median valley in the north but rather is a broad, arched plateau [Zervas et al., 1995] whose eastern side is marked by a fault downthrowing to the west.
In outline, then, the general tectonic setting of Segment 18 was well known before our new observations, but crucial aspects of it were unclear and especially those relating to the construction of the upper crust. The high-resolution side-scan sonar imagery and magnetic profile data, which we present below, provide the opportunity to bring the process of spreading at this segment into better focus.
Data
High-resolution side-scan sonar and magnetic data were collected in 1996 during cruise CD100 aboard the RRS Charles Darwin [Cann et al., 1997; Blackman et al., 1998 ] using the Towed Ocean Bottom Instrument (TOBI). The TOBI vehicle, which is operated by the Southampton Oceanography Center, is towed 400-600 m above the seafloor [Murton et al., 1992] . The side-scan sonar operates at a frequency of 30/32 kHz and collects a swath of data that is about 6 km wide. The resolution of the sonar changes with range, but the image pixel size is about 5-10 m. The near-bottom magnetic field was measured by a three-axis fluxgate magnetometer attached to the TOBI vehicle. The TOBI data that we examine in this study were collected along the track lines shown on Plate 1. In addition to the near-bottom data we obtained ship-borne Simrad EM12S-120 multibeam bathymetry data and gravity and sea surface magnetic data.
The vehicle's position behind and below the ship was determined by supplying hand-recorded measurements (10-m intervals) of the wire out to a cable modeling program that incorporates instrument and cable hydrodynamics (Triantafyllou and Hover [1990] , as used by Hussenoeder et al., [1996] ). The TOBI vehicle position was first determined with respect to the ship and then merged with the ship's navigation. Checks were made between the subbottom bathymetry of the fish and the multibeam bathymetry to ensure the best possible positioning of the fish behind the ship.
Measurements of the near-bottom magnetic field collected along the cross-axis tracks (Plate 1) were averaged into 30-s bins to yield a sampling interval of ~50 m. In this study, total field measurements are used rather than the three-component data because we do not have reliable vehicle orientation data. (The gyroscope on the TOBI vehicle was disabled near the start of the cruise.) The analysis of the magnetic data followed that of Hussenoeder et al. [1995; 1996] . The data were first merged with the TOBI vehicle navigation, and corrections were made for vehicle heading. (A maximum 900-nT azimuthdependent variation was found in our data.) This variation was removed from the magnetic field data along each profile, 100 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 7000 Near-bottom magnetic data were analyzed on the cross-axis lines that are numbered. The edges of the median valley floor are marked by dashed lines, and defined by the location of the first major (>200 m in relief) bounding fault. In the north where there is no western bounding scarp, the edge was chosen to be the transition to sedimented terrain which is sharp on the high-resolution side-scan images. A volcano located within the eastern valley wall is labeled "Yellow Mountain," and a fossil inside corner high is labeled "detachment surface."
and then the data were upward continued to a level plane (taken to be the shallowest depth of the tow fish) using the Guspi [1987] Fourier-based approach. The upward continued magnetic field was then inverted for crustal magnetization using the Parker and Huestis [1974] inversion approach, which takes bathymetry into account assuming a constant layer thickness. We used a band-pass filter with a short-wavelength cutoff, cosine-tapered between 0.5 and 2 km to ensure stability and convergence of the inversion towards a solution. All inversions presented in this paper assume a 500-m source thickness and a geocentric dipole direction (inclination of 49 o ). A magnetization inversion solution is not unique and at least one magnetization distribution, the annihilator, exists that produces no external magnetic field [Parker and Huestis, 1974] . Thus any amount of annihilator can be added or subtracted from a magnetization solution without affecting the resultant field. In practice, however, sufficient annihilator was added or subtracted to balance the magnetization amplitude of normal and reversed isochrons.
To provide the proper regional context for the near-bottom TOBI profiles, sea surface magnetic field data were also collected concurrently during the cruise along the TOBI track lines. These data were also corrected for the regional field [International Association of Geomagnetism and Aeronomy (IAGA), 1996] and inverted for crustal magnetization assuming the same thickness parameters as for the TOBI magnetic field. The near-bottom TOBI profiles were upward continued to the sea surface to compare directly with the measured sea surface data in order to confirm chron identification.
Median Valley Floor Morphology
The most distinctive aspect of the volcanic morphology of the median valley floor of Segment 18 is that the entire region between the Atlantis Transform and 29 o 50'N (~200 km 2 ) is not faulted or fissured on the scale of the high-resolution sidescan images (Plates 2 and 3a). A large axial volcanic ridge has been constructed and is asymmetrically located to the west within the valley floor. The volcanism shows no signs of decreasing in vigor as the transform fault is approached, and the axial volcanic ridge continues to the north wall of the transform where a 1200-m-wide, 100-m-high flat-topped seamount has been constructed (Plates 2 and 3a). The easternmost edge of the axial volcanic ridge is defined by an exceptionally large, cratered, volcano (~2 km in diameter, ~400 m in relief on the east side). A smaller flat-topped seamount has been constructed to the east of its base. These volcanoes mark a sharp transition to older sedimented terrain of the transform valley. Figure 1 shows the deep-tow magnetization profiles positioned within the magnetization map derived from sea surface measurements collected on cruise RC2912 Sempere et al., 1993] . Before considering the highresolution magnetic profiles, we examine the recent spreading history of the entire segment within the context of previous studies Zervas et al., 1995; Pariso et al., 1996] .
Magnetic Data

Sea Surface Magnetic Measurements
In the southern half of Segment 18, anomaly 2 (1.95 Ma [Cande and Kent, 1995] ) has been identified on both sides of the axis . The Brunhes/Matuyama (B/M) reversal boundary can be identified in the southern half of the segment, and its boundary is consistent with a spreading rate of 25 mm/yr. North of about 29 o 45'N, however, anomaly 2 on both flanks terminates into a magnetization low, and the steep gradient associated with the B/M boundary disappears. Zervas et al. [1995] noted that an anomalous section of reversely magnetized crust on the eastern side of the ridge axis, 100 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 7000 stopped at the center of the Brunhes anomaly, shifted 15 km to the west, and continued within crust that was about 1.5 Ma old. This could have been a lateral shift of the ridge or a rapid propagation of the ridge from the southern half of the segment to the north as the spreading axis straightened itself out. We call the region in the north that has been spreading since about 0.25 Ma the "Younger Brunhes." A fossil inside corner high ("detachment surface" on Plate 1) is located 20 km east of the axis of Segment 18 [Cann et al., 1997; Blackman et al., 1998 ] and complicates this interpretation somewhat. This feature must have been the active inside corner of Segment 18 between 0.78 and 1.95 Ma. If lower crust/mantle are exposed at the seafloor by a low-angle detachment fault [Cann et al., 1997; Blackman et al., 1998 ], then we would expect that stripping away the volcanic layer would decrease the amplitude of the magnetization. Therefore, what we take to be the B/M reversal boundary could be an artifact introduced by the presence of a detachment fault. Magnetic data have been collected over similar inside corner highs in other regions of the MAR, however, and the magnetic anomalies do not appear to be significantly affected by their presence [Tivey and Tucholke, 1998; Searle et al., 1998 ]. Because of this, we think that our pick of the B/M boundary is correct. Sempere et al., 1993] are shown. These data have been gridded into a 1-kmspaced grid of 512 x 512 points and inverted for crustal magnetization using the three-dimensional inversion method of Parker and Huestis [1974] and Macdonald et al. [1980] . A 500-m-thick source layer was assumed with a band-pass filter of 3.5 to 100 km. We added one annihilator to the map inversion to balance the amplitude of chron 2A. Near-bottom magnetizations, calculated from the Guspi upward continued field, are plotted as solid wiggles along straight-line approximations of the vehicle track. Line numbers are as in Plate 1. Sufficient magnetic annihilator was added to each of the calculated near-bottom magnetizations to shift them to zero at the Brunhes/ Matuyama (B/M) reversal boundary. Solid black lines mark the edges of the median valley floor. Dashed white lines are reversal and anomaly identifications based on sea surface data and interpretations from Zervas et al. [1995] . The B/M reversal and anomaly 2 are labeled. Zervas et al. [1995] recognized a 15-km westward jump of the axis north of 29 o 49'N, which occurred within the Brunhes anomaly at ~0.25 Ma. We call the region that has been spreading since then the "Younger Brunhes" and label it "YB." Its boundaries are marked by the solid white lines.
Near-Bottom Magnetic Measurements
The near-bottom magnetic measurements provide greater resolution of the CAMH [Macdonald, 1977; Hussenoeder et al., 1995 Hussenoeder et al., , 1996 and show that the single sea surface anomaly peak is often composed of several discrete anomaly peaks. An annihilator was computed [Parker and Huestis, 1974] and added or subtracted in the appropriate amount to each of the TOBI near-bottom profiles shown in Figures 1 and 2 to obtain the equivalent and appropriate location of the Brunhes/ Matuyama reversal boundary on each profile relative to the sea surface map. The amplitude of the CAMH is thus defined to be the maximum magnetization value above zero (the magnetization at the B/M boundary).
The amplitude of the CAMH for line 439 is relatively large (~20 A/m); the largest of the magnetization profiles calculated for the lines crossing the northern section of Segment 18. There are two peaks in the magnetization along line 439. The western peak corresponds to the peak in the sea surface CAMH and is associated with the eastern flank of the axial volcanic ridge (Figures 1 and 2) . The second peak is farther to the east, 4-5 km from the summit of the axial volcanic ridge. Apparently, reversely magnetized crust is found over the eastern wall of the median valley consistent with the sea surface map and the idea of trapped Matuyama-aged crust.
The next deep-tow line to the south, line 446, has a single peak in the CAMH which corresponds closely to the sea surface CAMH (Figures 1 and 2) . The peak is located over the summit of the axial volcanic ridge and has an amplitude of 10 A/m, which is smaller than that of line 439. The section of reversely magnetized crust of the eastern valley wall is also evident on this profile.
The CAMH corresponding to line 445 has an amplitude of ~15-18 A/m (Figures 1 and 2) , the peak of which is associated with the deep adjacent to the axial volcanic ridge. The part of this profile over the eastern valley wall is only weakly magnetic but clearly not as reversely magnetized as the profiles to the north. This may indicate the southern extent of the trapped reverse-polarity crust, although Zervas et al. [1995] show it continuing south to 29 o 49'N. The magnetic profile along line 444 crosses the axis obliquely from northwest to southeast, toward the summit of Yellow Mountain (Plates 1 and 2). The CAMH is low in amplitude (< 5 A/m) (Figures 1 and 2) . The peak in the CAMH corresponds to the top of the axial volcanic ridge. At this location the eastern boundary scarp curves several kilometers westward and coincides with the flank of Yellow Mountain. Just south of line 444 is the transition from unfaulted to faulted volcanic terrain near 29 o 50'N. There is a magnetization low over the eastern half of this profile, again possibly indicating a piece of trapped reversely magnetized crust. Some of the characteristics of the magnetization low, however, may be due to Yellow Mountain for the following reasons: (1) on the basis of its morphology, we surmise that Yellow Mountain is an "offaxis" seamount built during the Brunhes anomaly on reversely magnetized crust; (2) our assumption of a 500-m source layer is probably not correct for this large volcano; and (3) the western flank of Yellow Mountain and half of the median valley floor is covered by debris, apparently shed from the top of Yellow Mountain. If this is indeed an off-axis seamount, we estimate that the volume of lava that was produced to build Yellow Mountain is between 100 and 150 km 3 . Such a volume of magma is sufficient to build the crust of the entire 80-km-long length of Segment 18 for more than 11 kyr. None of our lines cross fully within the central section of the segment (29 o 50'N-29 o 40'N), which is significantly faulted on the high-resolution side-scan imagery. line 443, which is oriented from southwest to northeast, is located at the southern edge of the faulted terrain. The amplitude of the CAMH is high on this line (~25 A/m) (Figures 1 and 2 ), and interestingly, its peak is located west of the median valley floor. Backscatter amplitudes are low over this terrain, and we assume that the volcanics are heavily sedimented. In addition, the terrain has been strongly faulted as it has moved outward from the median valley floor. The peak of the sea surface CAMH is also shifted westward close to the western boundary fault. Since the CAMH reflects both the volume of lavas present as well as their age, one possibility is that the older terrain has a larger extrusive thickness compared with that of the valley floor, although there is no topographic evidence for this. At the eastern end of line 443 (Figures 1 and 2 ), a small magnetization low occurs within the Brunhes anomaly, both in the sea surface map and deep-tow profile. This low is farther south than what is believed to be the extent of the trapped older crust to the north. The magnetization low is located above the eastern boundary fault which is about 900 m high at this location. The CAMH on line 442 has a large amplitude (~20 A/m), and has two peaks (Figures 1 and 2 ). The western peak is located at the southern end of the second, central axial volcanic ridge (Figure 2 and Plate 3c). The eastern peak is located at the northern end of the third axial volcanic ridge.
To constrain the location of the spreading axis in Segment 18, we merge the information obtained from the detailed magnetic profile data described here with that obtained from the detailed morphological data. Before doing this, however, we take a closer look in section 6 at what we can infer about volcanic processes from the small-scale volcanic morphology.
Primary and Secondary Eruptive Vents
Interpretation of volcanic processes from morphology at a volcanic rift zone requires that we distinguish between primary and secondary eruptive vents. Primary eruptive vents are those through which lava is erupted from an underlying dike, itself fed from deeper in the crust. Secondary eruptive vents emerge from within a lava flow and are fed by lava channels or tubes. Secondary vents in subaerial volcanoes include hornitos, tumuli and related structures [e.g., Macdonald and Abbott, 1970; Guest et al., 1984] . Only by separating primary from secondary vents can we identify the location and width of the spreading axis.
In the high-resolution side-scan images, the volcanic terrain is typically hummocky (Plate 3). We consider that individual hummocks, which are 50-200 m in diameter, <20 m high, and domal in shape [Smith et al., 1995] , are secondary vents, themselves parts of larger flow features, and the result of eruption through complex systems of feeder tubes that form at the core of pillow lava flows [Bednarz and Schmincke, 1987] . The exception to this are the hummocks that align to form hummocky ridges, 1-2 km in length. Hummocky ridges are considered to be primary vents because of their morphological similarity to subaerial chains of spatter cones which build along fissures [Smith et al., 1995] . Larger features in the highresolution side-scan images are often composed of hummocks piled together (Plate 3b). When they are circular in plan, and greater than 50 m high, we refer to these as hummocky seamounts. It is difficult to decide whether hummocky seamounts are primary or secondary vents, except where they occur along the summit of an axial volcanic ridge, where a primary origin is most likely.
A very different morphology is represented by edifices that are smooth-surfaced in the high-resolution side-scan images (Plate 3a and 3c). These are circular or part circular in plan view and range in diameter from 0.5 to 3 km. They are always flat-topped, commonly having top-to-bottom diameter ratios of 0.5 and greater [Smith et al., 1995] . Again we distinguish edifices that stand more than 50 m above the surrounding seafloor at their lowest side as flat-topped seamounts, while flattopped terraces [Guest et al., 1984] are similar features that abut the flank of the axial volcanic ridge (Figure 3) , and thus form only part of a circle in plan view (the side adjacent to the axial volcanic ridge may have some relief).
Some flat-topped seamounts form on top of axial volcanic ridges, and as with similarly placed hummocky seamounts, we consider these to be primary eruptive vents. Terraces are assumed to be secondary vents fed from lava tubes as argued by Bryan et al. [1994] for Serocki volcano located in the Mid-Atlantic Ridge at Kane (MARK) area of the MAR near 23°N. Terraces may be the submarine analog to perched lava ponds which are thought to form when a channelized flow encounters a radical decrease in slope (such as that at the base of the axial volcanic ridge) and spreads out radially. Enhanced cooling in this new geometry causes the flow to come to rest forming flat circular terraces with steep fronts [Wilson and Parfitt, 1993] . A similar morphology has been reported from one group of flows which has outpoured on to the steep (12-15 o ) slopes of Mount Etna [Guest et al., 1984] . We previously have assumed that all seamounts, whether flat-topped or hummocky, or on or off the summit of the axial volcanic ridge, are primary vents, each fed from an underlying dike [Smith et al., 1995] . Recognition that terraces may form from tube-fed flows suggests that isolated seamounts on the flanks of an axial volcanic ridge may also form in the same way. Calculations assuming Poiseuille flow [e.g., Turcotte and Schubert, 1982] in a lava tube 4 m in diameter and 3 km in length, at 5 m 3 /s (typical of flow in tubes at Hawaii [e.g., Kauahikaua et al., 1996] ), with a lava viscosity of 1000 Pa s [e.g., et al., 1996] , give a pressure gradient along the tube of 1000 Pa/m. If the tube runs down the flank of an axial volcanic ridge at a typical slope of 150 m/km, then there is enough driving pressure to build a seamount that reaches to a substantial portion of the height of the axial volcanic ridge, assuming that lava is fed from there. Seamounts on the flanks of an axial volcanic ridge whose summit is below that of the adjacent volcanic ridge could therefore have been built as secondary vents by tube flow and are not necessarily primary eruptive vents. During the steady state flow of magma down the tube, assuming a flow rate again of 5 m 3 /s, a tube diameter of 4 m, and that the walls of the tube are 0.2 m thick (a conservative estimate based on observations of active tubes in Hawaii [e.g., Swanson, 1973] , and inactive tubes in ophiolites [Bednarz and Schmincke, 1987] ), the lava temperature would drop by about 10°C/km of tube length. Observations of active flows in tubes in Hawaii have found no recognizable tendency for progressive cooling downslope over a distance of 10 km or more [e.g., Swanson, 1973] . Flow in such a tube would thus not be limited by tube length for tubes a few kilometers long. In summary, we identify a limited range of features that can be considered to be primary eruptive vents with a high degree of certainty. All hummocky ridges fall into this category; their morphology is distinctive, and the link between that morphology and a primary eruptive vent can be made through other submarine examples Embley and Chadwick, 1994] . In section 7, we primarily use the distribution of hummocky ridges built on the summit and flanks of the axial volcanic ridges to define the spreading axis and constrain its width along Segment 18. Seamounts built on the top of an axial volcanic ridge, or those on the flanks rising to depths close to or above the top of the axial volcanic ridge, can be given a high probability of being primary eruptive vents. However, seamounts on the flanks of axial volcanic ridges whose heights fall short of the height of the axial volcanic ridge may be either primary or secondary eruptive vents. In this study we consider them to be secondary vents and as such they are not be used to locate the spreading axis. The top of the axial volcanic ridge is denoted by the thick white lines; in this region it is asymmetrically located to the west within the median valley floor. There is no western bounding fault here. Instead, the axis is characterized by a broad, arched plateau whose eastern side is marked by a fault downthrowing to the west and western side is recognized by the transition from fresh looking volcanic terrain to sedimented terrain (the dashed line with longer dashes marks this transition). The edges of the Younger Brunhes are marked by the two other dashed white lines. Three smooth-textured terraces have been constructed on the eastern flank of the axial volcanic ridge. Terraces are most likely secondary vents fed by lava tubes or channels.
Head
The Spreading Axis
We have produced a geologic map of the median valley floor of Segment 18 [Hilting et al., 1996] , which provides details on the locations of volcanic vents, faults, and regions of unfaulted volcanic terrain. Figure 4 is a simplified version of this map which also shows the locations of the peaks in the CAMH. The solid lines show our identification of the spreading axis at Segment 18 based on the criteria given in section 6. In general, most hummocky ridges are located within a zone that is less than 2-3 km wide along the length of the segment and in some places less than 1 km wide, centered on the summit of the axial volcanic ridge. It is difficult to narrow the width of the spreading axis further from the data in hand because it is impossible to determine which of these primary vents have been most recently active. For the purposes of discussion, we have divided Segment 18 into three regions based on its volcanic and tectonic morphology.
n o rt h w a ll terrace A tl a n ti s tr a n sf o rm The southern section is also faulted, but in general, the faults are smaller and less continuous than those in the center. The bounding scarps are shaded and hachured; there is no western bounding scarp in the north. The spreading axis (defined primarily by the distribution of primary eruptive vents) has a width of 1-2 km and is denoted by the thick solid curves. It is offset twice and branches in the northern section.
Northern Section (Atlantis Transform to 29 o 50'N)
In the northern section of Segment 18 the volcanic topography is unfaulted on the TOBI scale of observation. The axial volcanic ridge runs along the western side of the valley floor, and most lava flows are deposited on the eastern flank of the axial volcanic ridge and the deep channel that runs south from the transform trough. Unfaulted hummocky ridges and seamounts and flat-topped seamounts and terraces cover the volcanic ridge and its eastern flank. The peaks in the CAMH along the four cross-axis lines in the northern section also indicate that the freshest, most voluminous lavas have been deposited on the summit and eastern flank of the axial volcanic ridge. It is difficult to associate the CAMH peaks with specific volcanic features in the high-resolution imagery, as all of the features are unfaulted, and there are no other constrains on their relative ages.
The spreading axis in this northern section has several branches defined by the orientations of the hummocky ridges (see Plate 3a) which in places are at high angles to the overall strike of the axial volcanic ridge. The spreading axis branches to the east near 30 o N, and as the transform is approached, it broadens and branches both to the west and east. This suggests that recent dikes have been intruded with orientations very different from that of the spreading axis. Since the orientation of dikes is strongly controlled by the stress field acting at the time of emplacement, this in turn suggests that at some times and in some places the stress field has a different orientation from normal [McGuire and Pullen, 1989; Rubin, 1990] . The branches near the transform most likely reflect the rotating stress field as the ridge-transform intersection is approached.
A few hummocky ridges have been built in the flanking deep of the axial volcanic ridge, suggesting that in some places diking events do occur several kilometers to the side of the volcanic ridge summit. The seamounts (all with heights substantially less than the axial volcanic ridge) and terraces on the flanks of the volcanic ridge, however, are assumed to be secondary vents fed from lava tubes and channels.
We can follow the spreading axis and its branches southward to the along-axis topographic high of the segment at about 29 o 50'N (Plate 2), and we suggest that this is the most logical site for the source of the magma feeding the volcanic ridge to the north. Why eruptions appear to be currently concentrated in the northern section of the segment is not known. It could be that the strong topographic slope (44 m/km) from the shallow point of the segment to the transform valley can drive dikes in that direction [e.g., Fialko and Rubin, 1998 ]. Faulting dominates the topography in the central section of Segment 18 (Plate 3b and Figure 4 ). Several possibilities exist to explain why this is so. It has been suggested that subsidence of volcanoes and volcanic ridges leads to tectonic disruption of the volcanic topography even if it is still young [Ballard and van Andel, 1977] . There is also the possibility that faulting is synmagmatic, with dike intrusion taking up the extension at depth. Finally, postvolcanic tectonism can disrupt the topography and can eventually destroy the axial volcanic ridge [e.g., Ramberg and van Andel, 1977; Lawson et al., 1996] .
The side-scan sonar images in Segment 18 do not show evidence of volcanic features covering existing faults in this section (Plate 3b), which is what one would expect if volcanism has occurred there recently. Therefore it seems that any volcanism must be minor and that the crust is being dissected by faults. On the basis of photographic imagery and sediment thickness estimates for volcanic terrain that is similarly faulted, Lawson et al. [1996] estimated that the age of the faulted crust was some hundreds to thousands of years old. It is possible, of course, that small pockets of fresh volcanic terrain can be connected through the central region of our segment, but the resolution of the side-scan images is not sufficient to identify them.
It is difficult to identify hummocky ridges in this section and we chose the location of the spreading axis to follow the axial volcanic ridge that extends south from the northern section, and runs along the western bounding scarp (Plate 2 and Figure 4 ). This region is relatively less faulted than the other parts of the median valley floor in the central section, and the sea surface CAMH is centered over it. We have no deep-tow magnetic data to constrain the location of the spreading axis further. The volcanic and tectonic morphology of the southern section of Segment 18 is very similar to other segments of the MAR that we have surveyed previously [e.g., Smith et al., 1995] . Much of the section is faulted and fissured (Plate 3c). Within the southern section, however, there are two zones that appear to have been recently resurfaced by lavas (Plate 2 and Figure 4 ). Whether the unfaulted lavas indicate that volcanism is being renewed or reestablished in these regions, or is simply syntectonic is not clear.
Seamounts and hummocky ridges are abundant in the southern section. Immediately south of 29 o 40'N, the volcanics are dominated by hummocky ridges, seamounts, and flows; no smooth-textured seamounts or terraces are observed. line 443 passes through this region; the peak in the near-bottom CAMH is located to the west of the median valley floor (Figures 1  and 2 ). The sea surface CAMH is also shifted westward here and is located close to the western boundary scarp. There is a volcanic ridge within the valley walls at the position of the near-bottom CAMH peak, but the terrain is faulted and sedimented, with no indication that lavas have recently been erupted there. As mentioned, the average magnetization is integrated over a 500-m-thick layer, and it might be that a larger volume of volcanics is associated with the off-axis ridge than within the median valley floor. If this is the case, it must be a rare occurrence, since our experience has shown that the peaks in the near-bottom CAMH nearly always occur within the valley floor. The near-bottom CAMH along line 442 (Figures 1 and 2) which crosses near the overlap between the second and third axial volcanic ridges (Plates 2 and 3c) has two peaks, suggesting that voluminous eruptions have recently been associated with both of these volcanic ridges.
Of note in the southernmost section south of 29 o 29'N is the multitude of flat-topped smooth-textured seamounts that have been constructed. Also of interest is the lack of smooth-textured terraces when compared to the northern section. This is most likely correlated to the fact that the axial volcanic ridge in this section is more subdued, reaching only 100-200 m in relief, compared to the 400-500 m of relief in the northern section, and typically terraces form on the flanks of an axial volcanic ridge.
It is more difficult in the southern section to define a narrow spreading segment, because the eruptive vents are more widely dispersed. We are confident in restricting the spreading axis to a zone of about 2 km in width which includes all possible primary eruptive vents, though it may be less than that.
Summary
We constrain the width of the spreading axis at Segment 18 to be 2 km or less along the entire segment. We define this zone based on our identification of primary eruptive vents (hummocky ridges and seamounts) and by our identification of features that we interpret as secondary vents (seamounts and terraces fed from tubes or channels). The width of the spreading axis is larger than at the East Pacific Rise where the zone of active eruptive fissures is generally equated to the width of the axial summit trough which is typically 50-100 m wide [e.g., Fornari et al., 1998 ]. The fact that large volcanic edifices are built at the MAR covering evidence of their feeder dikes and piling upon one another, complicates the interpretation of the volcanic stratigraphy when compared to the East Pacific Rise.
Near-bottom magnetic profile data aid in the interpretation of volcanic processes at the MAR. We have identified peaks in the CAMH along several cross-axis ship tracks and interpret them to be indicators of the sites of the most recent, voluminous lava deposition. The peaks are located both on the summit of the axial volcanic ridge and on its flanks, the latter possibly indicating that large volumes of lava have been deposited on the flanks and within the flanking deeps of the volcanic ridge. These lavas could have been transported to the site of deposition through near-surface tubes and channels from the spreading axis or fed directly from off-axis dikes. Our interpretation of many volcanic structures as secondary vents leads to the conclusion that lava channels and tubes commonly develop to transport lava to the flanks of the axial volcanic ridge.
Many questions remain. For example, we do not know what the percentage of off-axis diking is compared to on-axis diking at slow spreading ridges. Nor do we understand completely how lava tubes and channels develop underwater. To resolve many of these outstanding issues, it will be necessary to design and implement detailed geophysical and geochemical studies at MAR accretionary segments.
